Abstract
Introduction
Many phylogenies constructed by traditional methods are based on alignment of one or a few genes. Many genes (particularly those encoding metabolic enzymes) give different phylogenies of the same organisms or even fail to support the three-domain classification of living organisms (e.g. [1] ). The availability of complete genome sequences allows the reconstruction of organismal phylogeny, taking into account the genome content. Many new methods to construct the tree of life without sequence alignment have been proposed. These include information-based methods [2, 3] , principal component analysis [4] , singular value decomposition (SVD) method [5, 6] , dynamical language method [7] , Markov model method [8] , fractal methods [9] [10] [11] .
A method which can compute the shared information between two sequences is useful because biological sequences encode information, and the occurrence of evolutionary events separating two sequences sharing a common ancestor will result in the loss of their shared information [2] . Li et al. [2] proposed an in formation-based distance to do the phylogentic analysis. But their distance depends on the Kolmogorov complexity (or algorithmic entropy) which is not easy to compute. So they proposed a program called GenCompress to approximate the Kolomogorov complexity. Mutual information is a good parameter to characterize the correlation of two distributions and has been successfully used in many fields of engineering (e.g. [12] ). Yu and Jiang [3] used the mutual information directly to construct phylogenetic tree of organisms. A mutual information based distance was proposed by Dawy et. al. [13] and applied to evolutionary analysis of mtDNA. In this paper, a new mutual information based sequence distance without alignment is defined. This distance is based on compositional vectors of DNA sequences or protein sequences from complete genomes. First we establish the mathematical foundation of this distance.
Vertebrate mitochondrial DNA is an important data source for building the phylogeny, especially when complete genomes are considered [14] . Mitochondrial genes and genomes have the advantage that they are present in high concentrations in many tissues, reliably amplified by PCR, and can easily be enriched by purification of the mitochondria prior to DNA extraction (e.g. [15] ). Mitochondrial genomes also have a strong advantage over nuclear genes in that they are unlikely to have experienced many intraspecific recombination events [16] . In order to test the feasibility of our mutual information based distance, we apply it to analyze the phylogenetic relationship of 64 vertebrates using complete mitochondrial genomes.
Methods

Definition of mutual information based distance
Let X and Y be two discrete random variables. X takes values x i , (i = 1, 2, ..., n) with probability p(x i ), Y takes value y j , (j = 1, 2, ..., m) with probability p(x j ) respectively. Denote the joint probability of (x i , y j ) as p(x i , y j ). The entropies are defined as
Then the conditional entropy of X given Y is defined [17] by
Then the average mutual information between X and Y is defined by Since
The triangle inequality to prove can be written as
By H(X, Y ) = H(X) + H(Y |X), this is equivalent to [H(Z|X) + H(X|Z)]/H(X, Z)
It is sufficient to prove the following two inequalities:
To prove the first inequality, let
From the chain rule of entropy [17] , we have
Thus H(X|Z) = H(Y |Z) + H(X|Y Z) − H(Y |XZ). Hence H(X|Z) ≤ H(Y |Z) + H(X|Y Z).
Since
The proof of this inequality is similar to the one shown in [13] ). Let R = P + Q − . Then,
This proves the first inequality. The second inequality can be proved symmetrically. Hence the triangle inequality holds.
Composition vectors and distances for genomes
A DNA or protein sequence is formed from 4 different nucleotides or 20 different kinds of amino acids respectively. Each coding sequence in the complete genome of an organism is translated into a protein sequence using the genetic code (p. 122 of the book [18] )
We regard DNA sequences or protein sequences as symbolic sequences. In such a sequence of length L, there are a total of N = 4 K (for DNA sequences) or 20 K (for protein sequences) possible types of strings of length K. We use a window of length K and slide it through the sequences by shifting one position at a time to determine the frequencies of each of the N kinds of strings in each genome. The observed frequency f ( 
where the notation #S is the number of elements in the set S. Then the average mutual information I(X, Y ) and the distance d(X, Y ) between the genomes X and Y are as defined above. Distance matrices for all the genomes under study using the above distances are then computed for construction of phylogenetic trees. We construct all trees using the neighbor-joining (NJ) method [19] in the PHYLIP package [20] .
Genome data set
In order to test the feasibility of our mutual information based distance and for the convenience to compare our method with those proposed by other people, we use the same genome data set used by Stuart et al. [6] . Three kinds of sequences, the whole DNA sequences (including protein-coding and non-coding regions), all protein-coding DNA sequences and all protein sequences of these complete genomes were obtained from the NCBI genome database (http://www.ncbi.nlm. 
Results and discussion
Three kinds of sequences mentioned in the previous section from complete mitochondrial genomes of the selected 64 vertebrates were analyzed. The trees of K = 3 to 6 based on all protein sequences and the trees of K ≤ 13 based on the whole DNA sequences and all protein-coding DNA sequences using mutual information based distance, are constructed. After comparing all the trees constructed with the traditional classification of the selected 64 vertebrates (the reader can refer to the traditional classification from the KEGG database by clicking "complete mitochondrial genomes" on http://www.genome.jp/kegg/genes.html)), we find that the tree of K = 12 using whole-genome DNA sequences is the best one and we show it in Figure 1 .
The phylogenetic tree (Figure 1) shows that the mito- chondrial genomes are separated into three major groups. One group corresponds to mammals; one group corresponds to fish; and the other one is Archosauria (including birds and reptiles). The structure of the tree in Figure 1 are roughly in agreement in topology with the current known phylogenies of vertebrates.
In the non-mammalian group, fish and birds cluster as distinct groups as expected. But the interrelationships among the birds are not consistent with the traditional view. In the cluster of fish, the chondrichthyes (cartilaginous fish) cluster as a group but osteichthyes (bony fish) are separated as two clades by the branch of chondrichthyes. The relationships among cartilaginous fish are similar to those in [6] . The overall phylogeny of fish, including the relationship between cartilaginous fish and bony fish, is currently uncertain [6] . Within the reptiles, the reptiles group together. Although Dinodon semicarinatus (Dsem) and Eumeces egregius (Eegr) are not in the same branch of other reptiles, their positions are very close to those of other reptiles. The three turtles (Cmyd, Cpic and Psub) group together as a branch.
Within the mammals, perissodactyls, carnivores and cetartiodactyls are grouped together as expected [6, [21] [22] [23] except the wrong position of Sus scrofa (Sscr). In our tree these three groups form the ferungulates, together with the mole (Teur) and the bat (Ajam), as observed in recent independent analyses [6, 24, 25] . For the rest of the mammals, primates, rodents and non-eutherians are grouped together. The non-eutherians [Marsupalia (Dvir and Mrob) and Monotremata (Oana)] are located at the root of all the mammals included in the study, which is the same to the results previously reported [5, 6, 26, 27] . The rabbit (Ocun) is found to be close to rodents as expected. Because all rodents do not gather as a branch, our method cannot give the answer on the unsolved issue on the monophyly of rodents [27] . In the trees presented in [2, 6] , the guinea pig (Cpor) does not group with the other rodents also.
Our goal in this paper is to introduce a new tool to the comparative genomics research community. We also tried this new method for the data sets about the bacteria genomes and chloroplast genomes used in [7, 8, 28] . The results are a little worse than those reported in the above papers. But from the work of Yu et al. [29] , we have found the Markov model method [8, 28] does not work for the data set used in the current paper; the dynamical language model [7] works well for all these three data sets.
Our simple mutual information based distance analysis on the complete mitochondrial genomes has yielded a tree that is in roughly agreement with our current knowledge on the phylogenetic relationships in different groups of vertebrates as elucidated previously by traditional analyses of the mitochondrial genomes and other molecular/ultrastructural approaches. Comparing with the method proposed in [2] , our method is more direct and faster, and the results are better from the biological point of view.
